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Background: As one of the most prevalent malignancies, glioma is characterized by poor
prognosis and high mortality rate. Glioma patients may show completely distinct clinical out-
comes due to their different molecular patterns. Sirtuin 3 (Sirt3) participates in aging, stress
resistance, and metabolic regulation. Here we aimed to test the expression and function of
Sirt3 in glioma.

Methods: We enrolled 114 patients and tested the protein level of Sirt3 in their glioma tis-
sues. The correlation between prognosis and Sirt3 was evaluated by univariate and multivariate
analyses. We also conducted cellular experiments in U87 and U251 glioma cells, including
overexpression and knockdown assays.

Results: Sirt3 expression was lower in glioma tissues than normal brain tissues. Higher Sirt3 is
significantly correlated to advanced tumor grade (P=0.004), showing its potential role in cancer
progression. Consistently, univariate and multivariate analyses identified Sirt3 as an independent
prognostic factor (P=0.017). Patients with higher Sirt3 expression showed significantly shorter
overall survival time. Moreover, overexpression of Sirt3 in either cell line enhanced cell viability,
while silencing Sirt3 attenuated cell growth. Molecular assays showed Sirt3 can deacetylate Ku70
protein, therefore stabilizing the Ku70-BAX interaction. Since Ku70 can help prevent BAX trans-
porting into mitochondria and decrease cell apoptosis, Sirt3 protein may play roles in maintaining
cell viability. In addition, silencing Ku70 inhibited the pro-proliferative effect by Sirt3.
Conclusion: Taken together, our results not only identified the prognostic role of Sirt3 in glioma
patients but also provided signaling pathway evidence for its functioning mechanisms.
Keywords: glioma, prognosis, Sirt3, viability

Introduction
Primary glioma is the most common type of neoplasm in the central nervous system.'
Gliomas are divided into four grades (I-1V) according to the WHO classification.? The
treatment methods toward glioma include chemotherapy, radiotherapy, and surgical
intervention.> However, the curative effect varies among individuals. Although the
patients with WHO grade [-II have a better overall survival, the 5-year survival rate for
grade IV patients is less than 5%.* The pathogenesis and progression mechanisms of
glioma have drawn great attention in the past decades; however, the overall improvement
in patients’ outcomes is far from satisfying.’ In addition, the current prediction models
on patients’ prognosis are largely based on the clinicopathological characteristics, while
the efficiency varies in different studies. Therefore, a more detailed stratified approach
based on molecular expression patterns is still one of the major challenges.

Sirtuins are a class of protein deacetylases and are highly conserved in many
species.’ Sirtuins consist of seven protein members from sirtuin 1 to sirtuin 7.7 Different
sirtuin subtypes show completely distinct subcellular localizations and functions.
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As for sirtuin 3 (Sirt3), it is initially characterized as a mito-
chondrial deacetylase involved in respiratory chain, tricar-
boxylic acid cycle, and fatty acid oxidation.® Subsequently,
the expression of Sirt3 was also detected in cytoplasm and
nucleus with novel substrates.’ From the physiological aspect,
Sirt3 participates in regulating cardiovascular functions,
aging, and metabolic process.'® Most recently, Sirt3 was
reported to function in tumor progression.'! For example, it
inhibits tumor progression of breast cancer, hepatocellular
carcinoma, and leukemia.'** However, the role of Sirt3
seems more like tumor promoter in colon cancer, gastric
cancer, melanoma, and renal cancer.>"'® Therefore, Sirt3 can
play both tumor-suppressing and tumor-promoting roles in
different tumor types.

Here we initially investigated the expression and function
of Sirt3 in glioma and described the mechanisms by which
it modulates glioma progression. Briefly, Sirt3 was identi-
fied to be expressed higher in glioma tissues than normal
brain tissues, which was significantly correlated to advanced
tumor stages. Besides, the higher Sirt3 protein levels indi-
cated poorer overall survival of glioma patients. Cellular
experiments were performed in two glioma cell lines; both
demonstrated the possible signaling axis of Sirt3—Ku70-
BAX (Bcl-2-associated X protein) in modulating glioma
progression.

Methods

Patients and samples

This study was approved by the Ethics Committee of
Suining Central Hospital. Written informed consents were
obtained from all patients. Formalin-fixed paraffin-embedded
glioma tissues were obtained from surgery in 114 randomly
selected patients during 2002—-2012 in Suining Central
Hospital. Another 22 glioma samples, which were fresh
frozen in liquid nitrogen, were also collected in our hospital.
We also purchased 17 normal brain tissue samples from
Cureline (South San Francisco, CA, USA). All patients were
followed-up ranging from 8 to 71 months.

Immunohistochemistry (IHC) and IHC

evaluation

As described by others,'” THC was used to evaluate the Sirt3
protein expression in glioma tissues. Briefly, deparaffinized
and rehydrated slides were treated in 10 mM citrate buffer
(pH 6.0) at 95°C for antigen recovery, followed by quenching
the endogenous peroxidase activity with 3% H,O, incuba-
tion. Five percent FBS was used for blocking the nonspecific
binding sites. Slides were then incubated with primary anti-
body (anti-Sirt3; Abcam, Cambridge, MA, USA; #ab86671;

1:200) at 4°C overnight. DAB staining kit (Tiangen, China)
was used to detect the immunoreactivity according to the
manufacturer’s instructions.

The level of Sirt3 was determined by the degree of
staining intensity and the percentage of positively stained
cells. Examination and scoring were performed by two
pathologists independently. In brief, weak staining, moderate
staining, and strong staining were scored as 1, 2, and 3,
respectively. The percentages of positively stained cells
were scored as follows: 1 for less than 20%, 2 for 20%—50%,
and 3 for 50%-100%. The final IHC score was defined by
multiplying the the two scores above, ranging from 1 to 9.
Tissues with a final score no more than 4 were regarded as
low-expression cases; otherwise, it will be grouped into the
Sirt3 high-expression group.

Quantitative real-time PCR (RT-qPCR)

Total RNA was extracted from fresh-frozen specimens by
using the Trizol reagent (Invitrogen, Carlsbad, CA, USA)
following a standard protocol.?® Then the RNA was reversely
transcribed by using the Primer-Script RT Enzyme Mix.
RT-qPCR was carried out using the SYBR Premix Ex Tag
(Takara, Japan) according to the instructions. GAPDH was
used as normalization control, and the primers were presented
as following:
Sirt3-F: 5'-ACCCAGTGGCATTCCAGAC-3;
Sirt3-R: 5’-GGCTTGGGGTTGTGAAAGAAG-3;
GAPDH-F: 5-AGGGCTGCTTTTAACTCTGGT-3’;
GAPDH-R: 5-CCCCACTTGATTTTGGAGGGA-3'".

Cell culture and transfection

Normal human astrocytes (NHA cells) were purchased
from Lonza (Basel, Switzerland). The human glioma cells
(U87 and U251) were obtained from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). All cells
were cultured in DMEM medium supplemented with 10%
FBS (Hyclone, South Logan, UT, USA) and 1% streptomy-
cin and penicillin in a humidified atmosphere of 5% CO, at
37°C. The Sirt3 siRNA (sequence: CATCCCTACATGCA-
GATGAAA), Ku70 siRNA (sequence: GAGUGAAGAU-
GAGUUGACA), Sirt3 overexpressing plasmid construct,
and Ku70 overexpressing plasmid construct used in this
study were synthesized by Genechem (Shanghai, China).
The transfections were carried out using Lipofectamine 3000
according to the manufacturer’s procedure (Invitrogen).?!

Western blotting
Cells were scraped with PBS and lysed with ice-cold RIPA
lysis buffer (Beyotime Biotechnology, Shanghai, China)
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supplemented with protease inhibitor cocktail. The lysates
were centrifuged at 12,000 g for 15 minutes at 4°C, and the
precipitate was discarded. Equal amount protein (10 pg) was
electrophoresed with sodium dodecyl sulfate-polyacrylamide
gel and then the proteins were transferred to a polyvinylidene
difluoride membrane (Merck Millipore, Kenilworth, NJ,
USA). The primary antibodies used in this study included
anti-Sirt3 (Abcam, #ab86671), anti-Ku70 (Invitrogen, #MA5-
13110), anti-acetyl (Abcam, #ab80178), anti-BAX (Cell
Signaling Technology, Danvers, MA, USA; #2774), anticy-
tochrome c (Cell Signaling Technology, #4280), anticaspase
3 (Cell Signaling Technology, #9662), and anti-f3-actin (Cell
Signaling Technology, #3700). After incubation with primary
and secondary antibodies, the immunoreactivity bands were
visualized by using an enhanced chemiluminescence substrate
kit (Thermo Scientific, Pittsburgh, PA, USA).*

Immunoprecipitation

To identify the interaction between Sirt3 and Ku70, we
performed antibody-affinity immunoprecipitation in U251
cells transfected with Ku70 plasmid. Briefly, transfected cells
were harvested and lysed in lysis buffer. After centrifuged at
12,000 g at 4°C for 15 minutes, supernatants were added
with Ku70—Protein G mixture (Santa Cruz Biotechnology)
and incubated overnight at 4°C. Protein G was then spinned
down and washed with lysis buffer for three times.? Finally,
the immunoprecipitated proteins were subjected to Western
blot analyses.

Mitochondrial fractionation

To determine the protein distribution in mitochondria,
cultured cells were harvested for mitochondrial fraction-
ation by using a mitochondrial isolation kit for mammalian
cells (Thermo Scientific) according to the manufacturer’s
protocol.?*

Cell viability assay

To evaluate the effect of Sirt3 on tumor cell viability, plasmid
or siRNA transfected cells were seeded at 2x10* cells per
well in a 96-well plate and cultured in DMEM. At designated
time points, cell viability was assessed by a Cell Counting
Kit-8 (Dojindo, Japan) according to the manufacturer’s
instructions.” Briefly, 10 uL of CCK-8 reagent was added
into each well and incubated for 4 hours at 37 °C. Absorbance
at 450 nm was then measured by a microplate reader, and
corresponding proliferation curves were plotted.

Statistics
All statistical analyses were performed using SPSS 20.0.
The correlations between expression levels of Sirt3 and

patients’ characteristics were tested by chi-squared test.
Survival analyses were conducted by Kaplan—Meier method
and compared by log-rank test. Multivariate Cox regres-
sion analysis was used to identify independent prognostic
factors. For the cellular experiments, data were presented
as mean = SD from three independent experiments and
compared with Student’s #-test. P<<0.05 was considered
statistically significant.

Results

Patient information

Our retrospective cohort included 48 females and 66 males,
with a median age of 51.0 years. Patients’ clinical charac-
teristics were evaluated by tumor size, WHO grade, and
Karnofsky performance score.?® Briefly, 27, 45, and 42 glioma
cases were classified as WHO II, WHO III, and WHO 1V,
respectively. In addition, the surgical strategy was retrieved
of all the patients. Forty-eight patients underwent gross total
resection, 35 patients underwent subtotal resection, and the
other 31 patients underwent partial resection or biopsy. The
median overall survival (OS) time was 31.0 months for all
the enrolled patients, and the 5-year OS rate is 19.2%. The
detailed clinicopathological characteristics of this cohort are
described in Table 1.

Table | The correlations between clinical parameters and Sirt3
expression in glioma patients

Variables Patients Sirt3 expression P-value

(n=114) Low High

(n=60) (n=54)

Gender 0.713
Female 48 27 21 (43.8%)
Male 66 33 33 (50.0%)
Age (years) 0.238
=50 55 27 28 (50.9%)
>50 59 33 26 (44.1%)
Tumor size 0.879
=5cm 69 47 22 (31.9%)
>5cm 45 13 32 (71.1%)
WHO grade 0.004*
1l 27 21 6 (22.2%)
1]l 45 21 24 (53.3%)
v 42 18 24 (57.1%)
Karnofsky score 0.379
=90 69 39 30 (43.5%)
>90 45 21 24 (53.3%)
Surgery 0.122
GTR 48 29 19 (39.6%)
STR 35 18 17 (48.6%)
PR/biopsy 31 13 18 (58.1%)

Note: *Statistically significant.
Abbreviations: GTR, gross total resection; PR, partial resection; Sirt3, sirtuin 3;
STR, subtotal resection.
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The 114 tissue samples were used for evaluation of Sirt3
protein expression by IHC. According to the distinct staining
patterns of Sirt3 (Figure 1A and B), we classified patients
into low-expression group and high-expression group. The
RT-qPCR results also showed that glioma tissues possessed
higher Sirt3 mRNA levels than those of normal brain tissues
(Figure 1C, P=0.038). Importantly, by searching the The
Cancer Genome Atlas database, we found that low mRNA
transcription of Sirt3 indicates a better clinical outcome of
glioma patients (Figure 1D, P=0.0097).

Correlation between Sirt3 expression
and clinicopathological factors in glioma
patients

As shown in Table 1, all 114 glioma patients were divided
into high- or low-expression groups based on the median
value of the IHC score in tumor tissues. According to chi-
squared test, Sirt3 expression was significantly correlated
with the WHO grade (P=0.004). Patients with more advanced
tumor grade showed higher Sirt3 protein levels.
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Figure | Sirt3 is upregulated in glioma tissues.

Sirt3 is a novel biomarker indicating

poor prognosis of glioma patients
Because a higher Sirt3 was observed more frequently in
glioma patients with advanced WHO grades, we hypoth-
esized that it may help predict patients’ clinical outcomes.
We, therefore, analyzed the prognostic factors for the OS
in glioma using Kaplan—Meier method (Figure 2, Table 2).
A larger tumor size (P=0.027), advanced WHO grades
(P=0.012), and noncurative surgical treatment (P<<0.001)
were shown as unfavorable factors affecting OS. For
example, the median OS for patients with WHO grades I, I1I,
and IV was 49.0, 33.0, and 11.0 months, respectively
(Table 2). Of note, patients with low Sirt3 expression showed
a better prognosis than those with high Sirt3 expression
(OS 39.342.9 months vs 25.0£3.1 months, P=0.003).
Furthermore, we subjected the significant factors above
into a Cox regression multivariate analysis model to explore
the independent hazard effect of each factor (Table 3).
Although tumor size showed no statistical significance, WHO
grade (HR 1.927, 95% CI 1.320-2.814, P=0.001), surgical
treatment (HR 1.799, 95% CI 1.164-2.781, P=0.008), and
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Notes: Representative low (A) and high (B) Sirt3 protein expression in clinical glioma tissues by IHC staining, showing the location of Sirt3 in cytoplasm. Magnification: 400x.
(C) RT-qPCR results showed a significantly higher RNA level of Sirt3 in glioma tissues than that in normal brain tissues (P=0.038). *P<<0.05 by Student’s t-test. (D) Higher
Sirt3 RNA transcription indicated a poorer overall survival of glioma patients. ¥*P<<0.05 by log-rank test.

Abbreviations: IHC, immunohistochemistry; RT-qPCR, quantitative real-time PCR; Sirt3, sirtuin 3.
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Abbreviations: GTR, gross total resection; PR, partial resection; Sirt3, sirtuin 3; STR, subtotal resection.
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Table 2 Univariate analysis for overall survival of glioma patients

Variables Patients  Overall survival time P-value
(months)
(n=114) Mean=SD  Median
Gender 0.433
Female 48 36.743.2 38.0
Male 66 30.0£3.1 17.0
Age (years) 0.808
=50 55 30.8+3.5 17.0
>50 59 34.6+2.9 32.0
Tumor size 0.027*
=5cm 69 36.9+2.8 35.0
>5cm 45 25.9+3.4 17.0
WHO grade 0.012*
I 27 44.11£3.4 49.0
11l 45 34.6£3.8 33.0
v 42 23.743.5 1.0
Karnofsky score 0.768
=90 69 33.742.9 32.0
>90 45 31.7£3.6 27.0
Surgery <0.001*
GTR 48 39.74£3.5 46.0
STR 35 32.8+3.7 33.0
PR/biopsy 31 21.6+3.7 10.0
Sirt3 expression 0.003*
Low 60 39.3£2.9 39.0
High 54 25.043.1 1.0

Note: *Statistically significant.
Abbreviations: GTR, gross total resection; PR, partial resection; Sirt3, sirtuin 3;
STR, subtotal resection.

Sirt3 expression (HR 1.602, 95% CI 1.089-2.446, P=0.017)
were all independently correlated with overall survival of
glioma patients.

Sirt3 enhances cell viability of glioma cells
We next tested the functional mechanisms of Sirt3 in glioma.
By analyzing its endogenous expression levels in different
cell lines, we found that U87 and U251 glioma cells showed
significantly higher Sirt3 levels than those in NHA cells
(Figure 3A), which is consistent with the RT-qPCR results
from clinical tissues samples.

By silencing or overexpressing Sirt3 in both U87 and
U251 cells, we further identified that high Sirt3 expression

Table 3 Multivariate analysis for the prognostic factors of glioma
patients

Variables HR 95% CI P-value
Tumor size 1.105 0.702-1.739 0.666
WHO grade 1.927 1.320-2.814 0.001*
Surgery 1.799 1.164-2.781 0.008*
Sirt3 expression 1.602 1.089-2.446 0.017*

Note: *Statistically significant.
Abbreviation: Sirt3, sirtuin 3.

can significantly upregulate the tumor cell viability, as
revealed by the CCK-8 assay (Figure 3B and C).

Sirt3 interacts with Ku70 and regulates

its acetylation level

There had been evidence that Sirt3 may regulate the func-
tion of Ku70 protein in cardiomyocytes during response to
oxidative stress.”’” Ku70 plays critical roles in controlling
the cellular localization of BAX, the mitochondria trans-
location of which will induce cell apoptosis.”® Moreover,
the interaction between Ku70 and BAX was acetylation
dependent; once Ku70 is deacetylated, it will release BAX
and allow it to transport into mitochondria. Therefore, we
performed immunoprecipitation assay to test the existence
of Sirt3—Ku70 signaling in U87 glioma cells. As expected,
Ku70 was successfully pulled down by immunoprecipitat-
ing Sirt3 (Figure 3D). In addition, the acetylation level
of Ku70 was negatively correlated with the Sirt3 level
(Figure 3E), indicating that Ku70 may be a novel substrate
of Sirt3 in glioma cells. Finally, we verified that silencing
Sirt3 can significantly increase the BAX level in mitochon-
dria, which subsequently leads to cytochrome c release and
caspase 3 cleavage (Figure 3F). In contrast, overexpressing
Sirt3 showed completely opposite effects.

Sirt3 may promote tumor progression

by targeting Ku70

To further investigate the role of Ku70 in Sirt3 signaling
pathway, we next silenced Ku70 in U87 cells that were
stably expressing Sirt3. Accordingly, we found that Ku70
siRNA significantly decreased the cell viability (Figure 4A).
In addition, the levels of mitochondria BAX and cytosol
cytochrome ¢ were enhanced by silencing Ku70, which
attenuated the tumor-promoting effects of Sirt3 overexpres-
sion (Figure 4B). Thus, we concluded that Sirt3 can promote
glioma progression at least partially by Ku70 pathway.

Discussion
Recently, novel strategies on identifying tumor biomarkers
are developing rapidly such as the noninvasive platelet
screening.”’ Another trend is that more and more newly iden-
tified biomarkers possess enzymatic functions, especially the
phosphorylation, ubiquitination, and acetylation. The protein
acetylation mainly occurs on either N terminus or lysine
residues. Acetylation is highly dynamic, and its modification
level is balanced by acetyltransferases and deacetylases.

A good example on how acetylation regulates tumor
progression is the Ku70-BAX signaling pathway. Briefly, the
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Figure 3 Sirt3 enhances glioma cell viability.

Notes: (A) The protein expression level of Sirt3 was significantly higher in U87 and U251 glioma cell lines than that in normal human astrocytes (NHA cells). Overexpressing
Sirt3 enhanced growth viability of U87 (B) and U251 cells (C), while silencing Sirt3 showed opposite effects. (D) Immunoprecipitation experiments demonstrated the
interaction between Sirt3 and Ku70 proteins. (E) Sirt3 negatively regulated the acetylation of Ku70 without affecting its total protein level. (F) Silencing Sirt3 upregulated the
BAX protein translocation into mitochondria and promoted the release of cytochrome c and cleavage of caspase 3. On the other hand, overexpressing Sirt3 showed opposite
effects on the apoptotic proteins. All experiments were performed in triplicate and repeated for three times. *P<<0.05 compared to control (CTL) cells by Student’s t-test.

Abbreviations: BAX, Bcl-2-associated X protein; IB, immunoblotting; IP, immunoprecipitation; NHA, normal human astrocytes; ov, overexpression; si, siRNA; Sirt3, sirtuin 3.

BAX-mediated apoptosis can be suppressed by overexpres-
sion of Ku70 in mammalian cells, but enhanced by downregu-
lation of Ku70.3° Following studies demonstrated that Ku70
can directly interact with BAX in cytosol, thus preventing the
apoptotic translocation of BAX to mitochondria. It is interest-
ing that the nonacetylation status of Ku70 is a non-negligible
prerequisite for the stable interaction between Ku70 and BAX.
Under certain apoptotic conditions, the Ku70 is acetylated by
BAX, subsequently releases BAX, allows it to transport into

mitochondria, and finally induces cell apoptosis. Therefore,
it is reasonable that disruption of Ku70-BAX interaction by
acetylating Ku70 may lead to tumor cell apoptosis. Indeed,
overexpression of CREB-binding protein, a known acetyl-
transferase toward Ku70, can induce the apoptosis of HeLa
cells.’! Consistently, pharmacological inhibiting or silencing
Ku70 deacetylase, such as histone deacetylase 6, also suc-
cessfully triggered BAX-dependent apoptosis of neuroblas-
toma cells.*? The tumor-related significance of Ku70-BAX
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Figure 4 Silencing Ku70 attenuates the pro-proliferative effects of Sirt3 in glioma cells.
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Notes: (A) CCK-8 assay showed that Ku70 siRNA significantly inhibited cell proliferation of U87 cells that were stably expressing Sirt3. (B) Treatment by Ku70 siRNA
enhanced BAX protein translocation into mitochondria and promoted the release of cytochrome c.

Abbreviations: BAX, Bcl-2-associated X protein; CTL, control; si, siRNA.

interaction had also been revealed in prostate cancer, colon
cancer, and osteosarcoma.?$3334

On the other hand, overexpression of Ku70 upstream
deacetylases may exert tumor-promoting functions by
inhibiting cell apoptosis. Here we first showed that Sirt3,
a member of the Sirt protein family that catalyzes deacety-
lation, was highly expressed in glioma tissues compared
with normal brain tissues. Survival analyses revealed an
independent prognostic effect of higher Sirt3 expression
on predicating poor prognosis. We then performed cellular
experiments to see whether Sirt3 can directly regulate glioma
cell viability. As expected, overexpression of Sirt3 enhanced
cell growth, while silencing Sirt3 via siRNA significantly
promoted cell apoptosis. Furthermore, our data demonstrated
the involvement of Ku70 deacetylation in Sirt3 signaling
pathways, which was consistent with its enzymatic rela-
tionship in cardiomyocytes.”” Consistently, a recent study
reported that treatment by petunidin-3-O-glucoside (Pt3glc)
displayed potent antiproliferative effects and also decreased
the Sirt3 protein level.* Further investigation is needed to
determine whether Pt3glc functions by directly targeting
Sirt3. Therefore, targeting the expression of Sirt3 may be
another novel therapeutic direction for aging-associated
tumors.*® Finally, we verified that Sirt3 overexpression
inhibited glioma cell apoptosis by stabilizing Ku70-BAX
interaction in cytosol.

Our study therefore provided evidence of the potential
function of Sirt3 in glioma progression. Since several high
throughput strategies are being used to screen Sirt3 inhibi-
tors, it is highly likely that Sirt3 will be a novel therapeutic

drug target in the near future.’’** Moreover, several groups
are focusing on developing drugs targeting the Ku70-BAX
interaction,***° which may be combined with Sirt3 inhibitors
in treating malignancies. A similar example is the interaction
between Sirt3 and superoxide dismutase 2 (SOD2) protein.
Cheng et al reported that inhibiting the Sirt3 expression or
disrupting Sirt3—SOD2 interaction may help attenuate the
drug resistance of linalool, a specific drug targeting SOD2,
on glioma cells.*!

Conclusion

In summary, our study revealed the expression patterns of
Sirt3 in glioma patients for the first time and demonstrated its
correlations with the disease stages and prognosis. Identifica-
tion of Sirt3 as a novel biomarker for glioma and revealing
its functional mechanisms would be invaluable for treatment
improvement.
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